Abstract An initial study on gene cloning and characterization of unicellular green microalga Ankistrodesmus convolutus was carried out to isolate and characterize the full-length cDNA of ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (RbcS) as a first step towards elucidating the structure of A. The amino acid sequence has high identity to those of other green algae RbcS genes. The AcRbcS contained a few conserved domains including protein kinase C phosphorylation site, tyrosine kinase phosphorylation site and N-myristoylation sites. The AcRbcS was successfully expressed in Escherichia coli and a *21 kDa of anticipated protein band was observed on SDS-PAGE. From the phylogenetic analysis of RbcS protein sequences, it was found that the RbcS of A. convolutus has closer genetic relationship with green microalgae species compared to those of green seaweed and green macroalgae species.
Introduction
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), the most abundant protein in nature, catalyzes both the carboxylation of ribulose bisphosphate during CO 2 fixation and the oxygenation of the same substrate during photorespiration [1] . It was believed that the ratio of the carboxylation and oxygenation reactions governs plant productivity [2, 3] . Furthermore, the higher growth rate of green algae is mainly related to its high photosynthetic and low respiratory rates [4] . Therefore, Rubisco is currently the target enzyme for improving the efficiency of photosynthesis in the hope increasing the yield and growth of crops and henceforth green algae.
Based on the structural features, Rubisco can be divided into two distinct forms namely Form I and Form II [5] . Form I Rubisco consists of eight large subunits and eight small subunits which can be found in land plants, most algae, cyanobacteria, and most photosynthetic bacteria; whereas the Form II enzyme only consists of large subunits which can be found in dinoflagellates and some photosynthetic bacteria [4] . In land plants and green algae, the 55-kDa large subunits are encoded by a single RbcL gene in the chloroplast genome. Meanwhile, the small subunits were produced by RbcS gene family in the nuclear genome, which are synthesized as 20-kDa precursors in the cytoplasm and then processed to 15 kDa during transport into the chloroplast [2, 6] . However, non-green algae RbcS proteins were synthesized in the chloroplast genome [7, 8] . The nucleotide and amino acid sequences of the RbcS greatly vary among different organisms, while the primary structure of the large subunits is largely conserved [9, 10] .
The RbcS gene is one of the best-known genes which are transferred from the chloroplast genome to the nuclear genome, and then duplicated in nuclear genomes of different organisms during evolution. In green microalgae, a multigene family comprises of one to eight members encoding for RbcS [4, [11] [12] [13] , whereas in vascular plants the family consists of 6-12 members [14] [15] [16] [17] . At present, RbcS genes serve as molecular markers and provide promoters for the efficient expression of engineered plant and algae genes in various biological studies [18] . Additionally, RbcS genes hold great potential to resolve plant phylogeny within the classifications of family and order [19] .
In higher plants, structure and expression of RbcS genes have been well characterized for a number of species. In contrast, only a few reports were found on cloning and characterization of RbcS genes from green algae such as Chlamydomonas reinhardtii [11] , Dunaliella tertiolecta [12] , Nannochloris bacillaris [13] , and Ulva pertusa [4] . In an effort to increase our knowledge of green microalga A. convolutus photosynthesis and as a first step towards elucidating the structure of RbcS gene from this microalga, the present study was undertaken to clone and characterize the full-length RbcS gene, the AcRbcS. Moreover, in order to understand the relationship between physiological and molecular characteristics of this microalga, the level of transcript accumulation of AcRbcS gene was investigated. The evolutionary relationship between RbcS of A. convolutus and that of other green algae was also estimated.
Materials and methods

Alga culture
Green microalga Ankistrodesmus convolutus was collected from axenic freshwater, grown and maintained in bold's basal medium [20] . The culture conditions were controlled at 25°C and 150 rpm shaking in an incubator shaker under 12:12 h light-dark cycle.
Nucleic acids isolation
Genomic DNA was extracted according to the CTAB method as described by Doyle and Doyle [21] with some minor modifications. Briefly, the frozen A. convolutus cells were ground to fine powder in liquid nitrogen and transferred to DNA extraction buffer (2% (w/v) CTAB, 2% (w/v) PVP, 1.4 M NaCl, 20 mM EDTA (pH 8.0) and 100 mM Tris-HCl (pH 8.0)) before incubation at 65°C for 1 h. The mixture was mixed vigorously with one volume of chloroform/isoamyl alcohol (24:1, v/v). The upper aqueous phase was collected and mixed with two volumes of absolute ethanol and 0.1 volume of 3 M sodium acetate, pH 5.2 before precipitation at -20°C for 20 min. The DNA pellet was then washed twice with 70% (v/v) cold ethanol and dried before dissolved in TE buffer.
Total RNA was extracted as described in our previous report [22] . Shortly, the lyophilized cells were ground to fine powder in liquid nitrogen and transferred to RNA extraction buffer (100 mM Tris-HCl (pH 8. Cloning of AcRbcS cDNA Phagemids containing cDNA for RbcS were identified as expressed sequence tags (ESTs) from a cDNA library of A. convolutus as noted in our previous study [23] . Using alkaline lysis method [24] , phagemid DNA was isolated and sequenced commercially.
Bioinformatics analysis
Database searches and similarity analyses of cDNA nt sequences were carried out with the BLASTN and BLASTX programs [25] against public nt and protein databases on NCBI GenBank database (http://www.ncbi. nlm.nih.gov/BLAST). Multiple alignment of the deduced amino acid sequences was performed using CLUSTAL W program [26] . Nucleotide analysis and predicted amino acid sequence alignments were performed using BioEdit 7.0.5 [27] . Protein motif scanning was performed using ScanProsite tool on ExPASy (http://expasy.org/tools/scan prosite/) [28] . The presence of chloroplast transit peptides in protein sequences were predicted using ChloroP 1.1 server (http://www.cbs.dtu.dk/services/chlorolP) [29] . The secondary structure of protein sequence was predicted using SOPMA program (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_auto mat.pl?page=/NPSA/npsa_sopma.html) [30] . The molecular weight and isoelectric point (pI) were predicted using Biology Workbench 3.2 (http://biowb.sdsc.edu/CGI/BW.cgi; San Diego Supercomputer Center, University of California San Diego, USA). For phylogenetic analysis, the data set was compiled on the basis of BLASTP searches, and alignments of amino acid sequences were performed using BioEdit 7.0.5 [27] . Phylogenetic trees were constructed using MEGA 4.1 program [31] , in which the robustness of the nodes was assessed by bootstrap proportion analysis computed from 1,000 replicates.
Southern blot analysis
A total of 20 lg of genomic DNA was digested separately overnight with a series of restriction enzymes MspI, NcoI, PstI. The digested DNA was separated by 0.8% (w/v) agarose gel electrophoresis, and was then transferred overnight by capillarity onto nylon membrane (Hybond N ? , Amersham Bioscience) with 0.4 N NaOH, and autocrosslinked by UV-crosslinker (Ultra-Violet Products, UK) at the wavelength of 254 nm for 2 min. The membrane with cross-linked DNA was prehybridized at 50°C for 2 h before hybridized at 55°C overnight using 380 bp partial AcRbcS cDNA sequence corresponding to a conserved region in the RbcS genes as a probe. This probe was prepared by PCR incorporation of biotinylated nucleotides with the specific primers AcRbcS-SF (5 0 -TTCATGG TGTGGCAGCCCGTG-3 0 ) and AcRbcS-SR (5 0 -GGGCGG TGCACCAGCATGGA-3 0 ) as forward and reverse primers, respectively. The hybridized membrane was washed twice with 29 SSC, 0.1% (w/v) SDS for 15 min, and twice with 0.59 SSC, 0.1% (w/v) SDS for 30 min at 65°C. The membrane was exposed to X-ray film (Kodak Medical X-ray Film, Kodak) in an X-ray cassette before developing the film for signal visualization.
Semi-quantitative RT-PCR analysis
Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) was carried out to investigate the mRNA expression profiles of AcRbcS under four different illumination conditions. A. convolutus cells were cultured at 25°C under continuous light for 3 days after a 1-day subculture. The cultures were subjected to light, dark, light and light for 12 h each. The cells were then collected from each culture. Total RNA was extracted using previously described method as mentioned above. Single-strand cDNA was synthesized from 2 lg total RNA from each sample by reverse transcription (RT) using an Omniscript RT Kit (Qiagen, Germany) according to the manufacture's instruction. Platinum HiFi Taq polymerase (Invitrogen, USA) together with two specific primers (AcRbcS-TF: 5 0 -TACTGGACGCTGTGGAAGCTGCC-3 0 as forward and AcRbcS-TR: 5 0 -AGCGCTGTGTTACACCCAGGTCC-3 0 as reverse primers), which were designed from the 3 0 -untranslated region of AcRbcS cDNA sequence, were used to amplify a 413 bp length fragment in the semi-quantitative RT-PCR as the consults of AcRbcS expression levels. RT-PCR was performed through 35 cycles of 95°C for 1 min, 62°C for 1 min and 72°C for 1 min in a PTC-200 Peltier Thermal machine (MJ Research, USA). At the same time, RT-PCR reaction for the house-keeping gene, 18S rRNA, using specific primers 18S-F (5 0 -CGTAGTTGGATTTCGG GTGGG-3 0 ) and 18S-R (5 0 -TAATCGTCTTCGAGCCCCC A-3 0 ) designed by referring the conserved sequence of this gene from many green microalgae species, was performed to estimate if equal amounts of RNA among samples were used in RT-PCR as an internal control. Amplifications were performed through 35 cycles of 95°C for 1 min, 58°C for 45 s and 72°C for 1 min. All RT-PCR experiments were repeated three times and the amplified products were detected by 1.2% agarose gel electrophoresis.
Prokaryotic expression of AcRbcS
In order to confirm whether the AcRbcS-coding region obtained encode a protein, the AcRbcS-coding region was cloned into the prokaryotic protein expression vector pET32a(?) (Novagen, USA), and expressed in E. coli BL21(DE3)pLysS to produce recombinant fusion AcRbcS. The AcRbcS coding sequence was PCR amplified using Platinum HiFi Taq polymerase (Invitrogen, USA). The forward (AcRbcS-NF: 5 0 -CATGCCATGGATGGCCCTCCGT CTCAC-3 0 ) and reverse (AcRbcS-XR: 5 0 -CGATCTCGAG TTACGCCAGCTGGCGCTTC-3 0 ) primers utilized for the amplification of the AcRbcS gene were inserted with NcoI and XhoI restriction sites (underlined), respectively. The amplified AcRbcS was digested with NcoI and XhoI, and ligated into the linearized pET32a vector via the corresponding NcoI/XhoI restriction sites to afford pET32-AcRbcS expression vector. After verification by sequencing, the contracted expression vector was transformed into E. coli BL21(DE3)pLysS strain. Transformants were cultivated at 37°C in 10 ml LB medium supplemented with ampicillin (50 lg/ml) and chloramphenicol (34 lg/ml) until an OD 600 of 0.5 was reached. The cells was then cultured for 5 h at 37°C after adding isopropyl-1-thio-b-D-galactopyranoside (IPTG) to a final concentration of 0.5 mM. The culture was centrifuged and the cells were washed twice with phosphate-buffered saline (PBS), resuspended in 1 ml PBS, and disrupted by sonication. Samples of total cellular protein (lysate) and, following centrifugation at 6,000 rpm for 15 min at 4°C, the soluble and the insoluble (pelleted) protein fractions were separated by 12% SDS-PAGE and visualized by Coomassie blue staining.
Results and discussion
Isolation and sequence analysis of A. convolutus RbcS full-length cDNA
The cDNA sequence coding for ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (RbcS) was identified in our previous study of ESTs from A. convolutus [23] . The complete sequence was obtained by using T3 and T7 universal primers. After eliminating the vector contamination, a cDNA fragment of 751-bp was analysed and searched against NCBI database to find the conserved domain and putative function. From the analyses, it was found that the cDNA possessed a 498-bp open reading frame (ORF) from 29 bp to 526 bp of the sequence apart from a 28-bp 5 0 untranslated region (UTR) and a 225-bp 3 0 UTR including a PolyA
? tail (Fig. 1) , and this full-length cDNA encoded for a protein of which those domains were found similar to other RbcS (Fig. 2a) . This full-length cDNA was then named AcRbcS. The deduced amino acid sequence of RbcS from A. convolutus (AcRbcS) was compared with those sequences from other organisms in GenBank database using BLASTX search. The result indicated that its conserved segments have broad homology to the known RbcS from other green algae species with the similarity and identity ranged from 72.7 to 82.3% and 56.5 to 66.9%, respectively ( Fig. 2b; Table 1 ). ScanProsite also predicted a conserved tyrosine kinase phosphorylation active site (KFFETFSY at amino acid residues 33-40), two N-myristoylation sites (GSRVAA and GATANY at amino acid residues 8-13 and 86-91, respectively) and protein kinase C phosphorylation site (SAK at amino acid residues 152-154) (Fig. 1) ; suggesting that phosphorylation and myristoylation may be a post-translational modification of RbcS to activate functions, which were also noted in a previous study [32] . The putative algae polyadenylation signal, TGTAA, at 186 nt downstream of the terminator codon (TAA) was also found in AcRbcS sequence (Fig. 1) .
The results also showed that all the RbcS proteins aligned here had putative transit sequences. Comparison of the transit peptide of these RbcS proteins revealed a large variation in both amino acid sequence and length (Fig. 2b) . The mature RbcS peptides showed wide similarity while the RbcS transit sequences had quite different sequences and sizes among plants as well as green algae species, which were also reported in previous studies [6, 13, 19] . This revelation implied that the divergence of RbcS proteins among green algae species was mostly resulted from the large divergence of RbcS transit sequences. In a previous study, Yamazaki et al. [13] found that the GFP fusion proteins with different transit peptide sequences of three N. bacillaris RbcS proteins could be imported and expressed in tobacco chloroplasts under the control of CaMV35S promoter; however, the amounts of the GFP fusion proteins transported to chloroplasts depended not only on the promoter, but also on the transport efficiency of the transit sequences of RbcS proteins. This may suggest that the transit peptide sequence of green algae RbcS proteins is species-specific, including A. convolutus, and is one of the most important elements in protein transport to the chloroplasts; thus warrant further studies. For the preliminary analysis of protein structure, SOPMA program was used to predict the secondary structure of AcRbcS. The result indicated that AcRbcS consisted of 51 a-helices, 16 b-turns jointed by 33 extended strands, and 65 random coils (Fig. 2c) . Meanwhile, the molecular weight and isoelectric point of the AcRbcS protein were predicted by using Biology Workbench 3.2. Results showed that the predicted theoretical molecular weight and isoelectric point of the RbcS from A. convolutus did not significantly differ from those of other green algae RbcS proteins (Table 1) .
Phylogenetic analysis
In plants and green algae, the large subunit RbcL genes have been widely used for phylogenetic analysis as it is highly conserved and offers useful comparisons between distant lineages. In contrast, the small subunit RbcS is less conserved, and therefore it may be more suitable for phylogenetic analysis between closely related species. In fact, RbcS, especially the conserved amino acid sequences of these proteins showed useful for comparisons and great potential to resolve plant phylogeny within the classification of 4 different banana and other 5 species [19] . Additionally, the RbcS protein was also used in phylogenetic study of green dinoflagellate Lepidodinium chlorophorum [33] . In another study, the mature RbcS peptides were effectively used to analyse the phylogenetic between green microalgae N. bacillaris and other species [13] . While no sequence information is available for A. convolutus, a phylogenetic analysis between this species and other green algae based on the RbcS protein sequences is nevertheless performed in this study. A phylogenetic tree using the neighbour-joining algorithm was inferred from the amino acid sequences of different RbcS proteins using MEGA 4.1 program. The bootstrap values from 1,000 resamplings were given at each node and the branch lengths were drawn to scale, as shown in Fig. 3 . Additionally, tree topology assessed by unweighted pair-group method with arithmetic average (UPGMA), minimum evolution (ME) and maximum parsimony (MP) methods was substantially similar to the neighbor joining tree (data not shown). These observations suggested that the deduced amino acid sequence of RbcS from A. convolutus was in the subgroup of green microalgae, and this subgroup was significantly different from the subgroup of green seaweed as well as green macroalgae (Fig. 3) . The findings seemed to assert that the AcRbcS has closer genetic relationship with other green microalgae RbcS than with green seaweed and green macroalgae species as revealed by the difference of genetic distance. Noticeably, RbcS proteins may be quite suitable for the estimation of evolutionary relationships among different algae.
Southern hybridization analysis
Southern hybridization of digested A. convolutus genomic DNA with the partial AcRbcS sequence revealed that at least six hybridized fragments were detected in NcoI or PstI digests except two fragments were observed in the MspI genomic DNA digests although no restriction sites were present in AcRbcS corresponding to the probe (Fig. 4) . Evidently, these results suggested that AcRbcS was a member of a small multigene family that may comprise two to six members in green microalga A. convolutus genome, though it is not certain whether all members of the family are active genes. Although this study was not able to assert precisely the number of genes in this family and how they are organized in A. convolutus, the result agreed with similar studies on other green algae such as U. pertusa [4] , C. reinhardtii [11] and D. tertiolecta [12] , N. bacillaris [13] , in which a multigene family comprising two to eight members encoding RbcS has been reported. Similarly, RbcS protein is also encoded by a multigene family in plants genomes such as soybean [14] , tomato [15] , Mesembryanthenum crystallinum [16] and Coffea arabica [17] , of which a RbcS multigene family has more than three members.
Expression of AcRbcS in different illumination conditions
In an attempt to examine the expression of AcRbcS, RT-PCR analysis of A. convolutus total RNA isolated from cultures grown under four different illumination conditions were performed using primers designed based on the 3 0 -UTR. Results indicated that AcRbcS gene was expressed differently in response to light and dark conditions. The expression level of AcRbcS gene was highest in Condition 1, whereas it was remarkably reduced in Condition 2, and significantly increased in Conditions 3 and 4 ( Fig. 5) . In short, AcRbcS transcription was reduced in the dark, and drastically recovered in the light. This result was similar to that of another study conducted on green microalga N. bacillaris in which the expression level of RbcS gene also reduced after transferred from the light to the dark, and vice versa [13] . It can be concluded that the expression level of AcRbcS mRNA was regulated obviously by light and thus AcRbcS is a light-responsive gene.
Prokaryotic expression of AcRbcS fusion proteins
It is known that prokaryotic expression is one of the most common methods for identifying genes, and fusion tags play key roles in the expression and purification of recombinant proteins; fusion tags allow specific detection and purification strategies for proteins and enable measurements of recombinant protein solubilities and expressed protein quantities [34, 35] . In this study, a prokaryotic expression vector pET32-AcRbcS was constructed and successfully expressed in E. coil BL21(DE3)pLysS. When pET32-AcRbcS was induced by IPTG, the fusion protein was determined in total, both soluble and insoluble forms by SDS-PAGE analysis. From the results obtained, the predicted fusion protein with a molecular weight of *21 kDa, which is in agreement with the estimated molecular mass of the recombinant protein, was identified, and this protein was not observed in extracts prepared from non-induced cultures (Fig. 6) . In general, production of recombinant proteins in E. coli often results in the accumulation of targets in insoluble aggregates, forming inclusion bodies [36] . Interestingly, our result showed that the recombinant AcRbcS was obtained in both soluble and insoluble fractions, and the yield of recombinant protein in soluble fraction seems to be higher than that in insoluble fraction (Fig. 6 ). It can be suggested that cell lysis by sonication was efficient to release the fused protein in the soluble form. This was in agreement with previous studies [36, 37] , which used sonicator to lyse the transformed cell and revealed that the majority of the recombinant protein was partitioned into the soluble fraction of the E. coli lysate.
Conclusions
In contrast with plants, there is little information concerning Rubisco small subunit in green microalgae. This study is the first report of the cloning and characterization of the gene encoding RbcS from unicellular green microalga A. convolutus. Searches against BLASTX database revealed that AcRbcS cDNA belongs to a Rubisco small subunit family of genes. Indeed, AcRbcS cDNA encoded for RbcS protein which had 165 amino acids, the predicted molecular weight of AcRbcS was 18.7 kDa and it was expressed in E. coli as a protein of *21 kDa (SDS-PAGE) typical for RbcS. A comparison of the deduced amino acid sequences of RbcS from A. convolutus and other green algae species revealed a striking set of similarities, and that the divergence of RbcS proteins may be resulted from the large divergence of RbcS transit sequences. Furthermore, the conserved tyrosine kinase phosphorylation active site, N-myristoylation sites, and protein kinase C phosphorylation site found in AcRbcS protein sequence suggested that the phosphorylation and myristoylation may be a post-translational modification of RbcS to activate functions. Moreover, the phylogenetic tree construction based on RbcS protein sequences asserted that the RbcS of A. convolutus has closer genetic relationship with that of other green microalgae than with green seaweed and green macroalgae species. Southern hybridization analysis suggested that AcRbcS is a member of a small multigene family which comprised of two to six members in green microalga A. convolutus genome. The transcription of AcRbcS was reduced in the dark, and drastically recovered in the presence of light asserting that the RbcS is a light-responsive gene. This study has contributed to the advancement of knowledge on photosynthesis related genes and may be the impetus for further study on photosynthesis in such areas as the catalytic mechanism, expression, regulation, natural diversity, synthesis and assembly of RbcS in A. convolutus as well as in green algae and other organisms.
